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METHOD AND APPARATUS FOR AN 
ACOUSTIC PULSE DECAY DENSITY 

DETERMINATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to the ?eld of ?uid 

density measurements for a hydrocarbon or brine sample 
and relates in particular to an acoustic method and apparatus 
for determining the density of an unknoWn ?uid such as 
drilling mud, brine, or a hydrocarbon in a doWnhole envi 
ronment. 

2. Summary of the Related Art 
In various industrial processes that involve ?uid material, 

it is useful to knoW the properties of the ?uids involved. 
These ?uid properties include, for example, density, com 
pressibility, and acoustic impedance. Knowledge of the 
values of these various properties can be used to adjust 
process parameters or Warn of impending calamity. In many 
applications, such as oil and gas Well (borehole) drilling, 
?uid density is of particular interest. It is important to knoW 
or at least estimate the density of drilling ?uid (also referred 
to as drilling mud) during a drilling operation, in order to 
prevent a bloWout of the Well caused by reduced mud Weight 
resulting from incursion of natural gas into the drilling mud. 

In a drilling operation, drilling ?uid is pumped doWn the 
drill string (essentially a very long pipe) and exits at the drill 
bit. The drilling ?uid then returns to the surface Within an 
annulus formed betWeen the outside of the drill string and 
the inside of the borehole. As the drill bit burroWs into the 
geologic formations, the bit passes through Zones containing 
various ?uids. These Zones can include saltWater, oil (hydro 
carbons), lightWeight ?uids such as natural gas. If the 
pressure Within the Zone is greater than the pressure Within 
the borehole, these ?uids Will enter the borehole and mix 
With the drilling ?uid. As lightWeight ?uids mix With drilling 
?uid, the average density of the drilling ?uid decreases. If 
the total Weight of ?uid Within the borehole decreases too 
much, it can lead to a bloWout When a high-pressure Zone is 
entered. It is therefore very important that the density of the 
drilling ?uid be accurately monitored. In producing Wells, 
the local ?uid density, along With other measurements, can 
be used to infer the proportions of oil, Water and natural gas 
that the Well is producing at various depths in the Well. 

Logging tools for measuring ?uid density With varying 
degrees of success are Well knoWn in the art. One commonly 
knoWn technique for measuring drilling ?uid density 
involves the use of acoustic transducers, particularly ultra 
sonic transducers, as described in US. Pat. No. 4,571,693 
(the ’693 patent). The device described in the ’693 patent 
provides an ultrasonic transducer coupled to the body of a 
probe. The ultrasonic device transmits and receives a ?rst 
signal across a ?rst solid/?uid interface and a second ?uid/ 
solid interface, in order to measure the sound velocity of the 
?uid. A second ultrasonic signal is provided as a reference 
signal generated by re?ection off the surface of a void Within 
the device that is hermetically sealed from contact With the 
?uid. Measurements of the ?rst and second signals, as 
re?ected off the tWo surfaces are used to calculate re?ec 
tance and acoustic impedance, from Which density of the 
?uid may be inferred. 

Other knoWn methods and apparatuses for measuring the 
?uid density in boreholes, such as those described in US. 
Pat. Nos. 4,939,362 and 5,204,529, include the use of either 
chemical radioactive sources or electrically-controlled 
radioactive sources (e.g, pulsed neutron source), Which 
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2 
present clear environmental and health haZards. It is there 
fore apparent that a need exists for an improved acoustic 
Well logging tool and method to determine the density of 
drilling ?uid and hydrocarbon sample associated With doWn 
hole operations in the borehole. 

SUMMARY OF THE INVENTION 

The present invention addresses some of the shortcomings 
of the related art discussed above. The present invention 
provides an accurate measurement of ?uid density in a 
doWnhole environment. The present invention places an 
acoustic transducer in contact With a “near Wall” Whose 
acoustic impedance is much different than the impedance of 
the ?uid to be measured. The transducer launches an acous 
tic pulse into this near Wall (such as a plate, a Wall of a tube, 
or a Wall of a sample chamber). The other side of this near 
Wall is in contact With a sample of unknown ?uid. After 
sending out an acoustic pulse, this same transducer acts as 
a receiver to monitor the reverberations of this acoustic 
pulse Within this near Wall. 

Each acoustic pulse contains many amplitude cycles so 
We subdivide the pulse into many small time WindoWs (e. g., 
4 ns each) and integrate the square of the acoustic amplitude 
in each small time WindoW over the entire duration (e. g., 500 
ns) of a pulse to obtain a measure of the energy contained 
Within that pulse. The duration of the pulse has been called 
the “transducer ringdoWn time” by others (’962 lines 21425 
of col. 5). In the present invention, We use all the amplitude 
values Within a pulse and so average out measurement errors 
in any single amplitude value. Further re?nements to this 
calculation can be made by subtracting the integrated root 
mean-square noise from the energy in each pulse. This RMS 
noise can be estimated from the observed noise betWeen 
pulses. 
As the acoustic pulse bounces back and forth Within the 

near Wall, each echo of this original pulse loses the same 
fraction of energy on each round trip. That is, the energy 
contained Within each successive echo decays exponentially. 
Therefore, We plot the logarithm of the energy in each pulse 
packet against echo number and calculate the slope. The 
process of calculating a least-squares-?t slope over many 
points averages out any small random errors in the indi 
vidual points being used and so improves the accuracy of the 
measurement compared to a single-point measurement. 
As can be seen from FIGS. 244 of the present invention, 

the re?ected acoustic energy is not concentrated into a single 
cycle as shoWn in the idealiZed illustration of FIG. 2 of the 
’693 patent but is distributed over several cycles. Also, the 
distribution of re?ected energy betWeen the largest ampli 
tude cycle and its neighboring cycles Within the same pulse 
is not constant but changes from pulse to pulse and re?ection 
to re?ection, Which could be a signi?cant source of inaccu 
racy in the ’693 measurement. 

Using a series of 345 pulse echoes, a substantially Well 
?tted slope of the logarithm of the pulse energy decline 
versus the pulse echo number is generated. This slope 
represents the product of the re?ection coe?icient at one face 
of the near Wall (the face that is in contact With the ?uid) 
multiplied by the re?ection coe?icient at the other face of the 
near Wall (the face that is in contact With the transducer). 

In an air-?lled titanium tube, ignoring small effects of 
attenuated re?ection due to air’s high absorption of ultra 
sound, the re?ection at the air/Wall interface is approxi 
mately 100% because titanium, or any metal, has substan 
tially greater acoustic impedance than air. Thus, We can 
calculate the re?ection coe?icient at the transducer/Wall 
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interface using the pulse energy decline slope of an air-?lled 
tube as a reference value. Then, using this re?ection coef 
?cient at the transducer/Wall interface, We can then calculate 
the re?ection coe?icient at the ?uid/Wall interface for an 
unknown ?uid from the slope of the logarithm of the pulse 
echo energy versus pulse echo number. Because We knoW 
the acoustic impedance of the Wall material, We can then use 
the measured re?ection coe?icient at this ?uid/Wall interface 
to calculate the acoustic impedance of the unknoWn ?uid 
inside the Wall. Finally, We calculate the ?uid’s density by 
dividing its measured acoustic impedance by its measured 
sound speed as explained immediately beloW. 
A far Wall re?ector is placed in contact With the ?uid at 

some knoWn distance aWay from the near Wall and the time 
to receive its re?ection is measured. This distance is chosen 
to be large enough that the re?ection off this far Wall occurs 
at much later times, When reverberations of echoes Within 
the near Wall have become negligible. When practicing this 
invention using a sample chamber, this far re?ector simply 
becomes the inner face of the opposite Wall of the chamber 
that is in contact With the ?uid. For example, the chamber 
can be a thick-Walled holloW tube. Then, from the measured 
round trip travel time in the ?uid and the knoWn inner 
diameter of the tube, the speed of sound for the ?uid can be 
calculated. 

Thus, the density of an unknown ?uid is determined from 
the re?ection coe?icient at the Wall/?uid interface, the 
acoustic impedance of the Wall material, and the sound 
speed of the ?uid. Additional features and advantages of the 
invention Will be evident from the folloWing speci?cation 
and ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The folloWing ?gures shoW an example of the present 
invention in Which like elements in different ?gures bear the 
same reference numerals. 

FIG. 1 illustrates a laboratory validation experiment in 
Which the densities of tWo ?uids, dodecane and Water, Were 
determined to demonstrate some of the principles of the 
present invention; 

FIG. 2 illustrates the pulse energy decay for an acoustic 
pulse bouncing back and forth inside of the tube Wall While 
the sample tube is ?lled With air; 

FIG. 3 illustrates the pulse energy decay for an acoustic 
pulse bouncing back and forth inside of the tube Wall While 
the sample tube is ?lled With dodecane; 

FIG. 4 illustrates the pulse energy decay for an acoustic 
pulse bouncing back and forth inside of the tube Wall While 
the sample tube is ?lled With Water; 

FIG. 5 illustrates the slope for pulse energy decay for 
acoustic pulses shoWn in FIGS. 2, 3 and 4; 

FIG. 6 illustrates a comparison of calculated to actual 
density for the present invention; 

FIG. 7 illustrates a schematic representation of the present 
invention shoWing the transducer/pulser, processor and 
sample ?oW line of an exemplary embodiment of the present 
invention; 

FIG. 8 depicts a schematic representation of a density 
measuring instrument disposed from a Wire line in a Well 
bore drilled through an earth formation; 

FIG. 9 depicts a schematic representation of a density 
measuring instrument disposed form a drill string in a Well 
bore drilled through an earth formation; 

FIG. 10 illustrates an example of the functions performed 
by the present invention; and 
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4 
FIG. 11 shoWs the poor results of applying the method of 

’962 patent compared to the lab veri?cation experiment of 
the present invention. 

DETAILED DESCRIPTION OF AN 
EXEMPLARY EMBODIMENT OF THE 

PRESENT INVENTION 

The present invention provides a method and apparatus 
for a real time doWnhole ?uid density measurement. The 
invention is applicable to the determination of ?uid density 
for use in association With Wire line and monitoring While 
drilling applications. 

Turning noW to FIG. 1, in a laboratory simulation of the 
present invention, a small 10 MHZ transducer 101 Was 
attached to the outside Wall 102 of a titanium alloy sample 
tube 100. As shoWn in FIG. 1, the sample tube 100 had 
dimensions of 0.218" internal diameter 109 and Walls of 
0.110" thickness 108. After the transducer 101 Was pulsed, 
acoustic re?ections 202, 204, 206 and 208 Were monitored 
using this same transducer 101. The laboratory validation 
experiment Was performed having different substances 106 
?lling the sample tube. The experiment Was performed for 
air, oil, and Water ?lling the tube. These experiments are as 
shoWn in FIGS. 2, 3, and 4 respectively beloW. As shoWn in 
FIG. 3, the sample tube is ?lled With dodecane and an 
acoustic pulse transmitted from transducer 101. After the 
transducer 101 Was pulsed, the acoustic pulse echoes 302, 
304, 306 and 308 Were monitored using this same transducer 
101. To be able to clearly separate the pulses, the pulse 
duration should be shorter than the time spacing betWeen 
successive pulse echoes. If necessary, the near Wall 104 can 
be locally thickened Where the transducer contacts it to 
create a “stando?‘” of the same material, Which Would then 
serve to lengthen the time spacing betWeen successive 
pulses. As shoWn in FIG. 4, the sample tube is ?lled With 
Water and an acoustic pulse transmitted from transducer 101. 
After the transducer 101 Was pulsed, acoustic pulse echoes 
402, 404, 406 and 408 Were monitored using this same 
transducer 101. The slope of logarithm of the pulse echo 
energy decay as the acoustic pulse bounces back and forth 
Within the near Wall 104 of the tube contacted by the 
transducer 101 is a measure of the acoustic impedance 
(sound speed times density) of the ?uid ?lling the tube as 
shoWn in FIGS. 3 and 4. 
As shoWn in FIGS. 3 and 4, as the acoustic pulse bounces 

back and forth Within the Wall 104 of the tube, the energy 
contained Within successive pulses drops by the same factor, 
representing an exponential decline. Wall 104 of the tube is 
referred to as the “near Wall” because it is the Wall closest 
to the transducer. In the example of the invention a processor 
monitors the reverberation of acoustic pulses Within this 
near Wall to determine the acoustic impedance of an 
unknoWn ?uid in contact With the opposite face of this Wall. 
The area under the square of the amplitude of each pulse is 
a measure of pulse energy. With a series of 3*5 pulses 302, 
304, 306, 308 or 402, 404, 406, 408, a substantially Well 
?tted slope 502, 504, or 506 respectively of the logarithm of 
the pulse energy decline versus the pulse number is gener 
ated. The slope goes as the logarithm of product of the 
intensity re?ection coe?icient at the near-Wall/ ?uid interface 
107 multiplied by the re?ection coe?icient at the near-Wall/ 
transducer interface 108. Ignoring the effects of attenuated 
re?ection due to air’s high absorption of ultrasound, then the 
re?ection at the near-Wall/air interface 107 is approximately 
100% because titanium, or any metal, has substantially 
greater acoustic impedance than air. 
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Using the pulse energy decay slope 502 of the air-?lled 
tube 100 as a reference value and ignoring any attenuated 
re?ection, the re?ection coe?icient at the transducer/near 
Wall interface 108 can be calculated and subsequently used 
to determine the re?ection coe?icient at the near-Wall/?uid 
interface 107 for an unknoWn ?uid. The speed of sound for 
the ?uid inside of the tube 100 is calculated from the round 
trip travel time for the re?ection off the far-Wall/?uid inter 
face 113 of the tube 100 and the round trip distance across 
the inner diameter 109 of the tube. The ?rst pulse echo from 
the far-Wall/?uid interface 113 is folloWed by subsequent 
reverberation echoes Within the far Wall of the tube that are 
much smaller in amplitude and thus harder to detect and 
measure. Finally, We calculate the density of an unknoWn 
?uid from the re?ection coe?icient at the near-Wall/?uid 
interface 107, the acoustic impedance of the near-Wall 
material, and the speed of sound in the ?uid. 

In the laboratory validation experiment, a 10 MHZ Pana 
metrics 101 acoustic transducer, including a processor and 
pulse generating electronics 116 and a titanium sample tube 
100 having a 0.218" inner diameter 109 and 0.110" Wall 
thickness 108 Were used to demonstrate the calculation of 
density in accordance With the present invention. Although 
a round tube Was used in this verifying lab experiment, a 
tube having rectangular inner and/or outer cross sections that 
are parallel could also be used. Mounting the transducer 
against a ?at face on the outside of the tube increases the 
amount of acoustic signal transmitted into it and having 
parallel inner faces reduces uncertainty in round trip path 
length associated With a sound ray not traveling exactly 
along the diameter of a circular cross section tube. The 
following parameter de?nitions are germane to the folloW 
ing discussion of the present invention. 

pTITransducer density in g/cc 
cTITransducer longitudinal sound speed 
pWITransducer Wall density in g/cc 
cWITube Wall longitudinal sound speed 
p FIFIuid density in g/cc 
cFIFluid sound speed 
RTW:Fraction of energy re?ected at Transducer/Wall 

interface 
RWFIFraction of energy re?ected at Wall/Fluid interface 

Speci?cally, 
RWA for Wall/Air 
RWH for Wall/H2O 
RWO fro Wall/Oil 

The energy of each successive pulse echo depends only on 
the fraction of energy re?ected at each interface. That is, 

Ere?med is proportional to (RTWRWF)l for the 1S’ 
bounce Within the tubing Wall (1) 

Ere?med is proportional to (R TWRWF)2 for the 2nd 
bounce Within tubing Wall (2) 

Y :Ere?meaFldR TWRWF)X for the X’h bounce Within 
tubing Wall, (3) 

Where k is a proportionality constant. 

Therefore, 

Where the slope m:ln(RTWRWF), and the intercept b:ln 
(k) 
Assuming that no energy is absorbed at the transducer/ 

Wall or at the Wall/?uid interface, then the re?ected energy 
fractions, RTW and RWF, are given by, 
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FIG. 5 shoWs the slopes, m:ln(RTWRWF), for air 502, 
dodecane 504, and Water 506. If We assume that there is no 
attenuated re?ectance at the near-Wall/ air interface 107, then 
(because the acoustic impedance of titanium is much greater 
than that of air) the fraction of energy re?ected is given by, 

(8) R WFIRWA=1 

Thus, 
mAwlMR TW) (9) 

R WF“@XP(mFluid)/eXP(mair) (10) 

(11) 

R WH:6Xp ("trad/exp (mair) (12) 

Substituting RWO for RWF and c O for c F in Eq. 7, We obtain 
the density of oil as, 

Similarly, substituting RWH for RWF and cH for cF in Eq. 
7, We obtain the density of H20 as, 

FIG. 6 illustrates a plot 602 of the calculated densities of 
oil (p O) and of Water (p H) (see, equations 13 and 14 above) 
and the assumed (Zero) density of air against the actual 
densities of these ?uids. The correlation coe?icient, 
R2:0.9996, is quite good, thus it is clear from the laboratory 
validation experiment that the method and apparatus of the 
present invention correlates the actual density to the calcu 
lated density. 

Finally, because the acoustic attenuation of ?uids 
increases With their viscosities, We can, in principle, esti 
mate ?uid viscosity by measuring the attenuation across the 
inner diameter of the tube. The attenuation can be inferred 
from the discrepancy betWeen the actual re?ected signal and 
the expected value of an unattenuated re?ected signal as 
calculated from measured RTW and RWF). To be sure of 
actually monitoring attenuation, the example of the present 
invention uses acoustic pulses at more than one frequency 
because the attenuation increases as a poWer of frequency. 

According to Dr. Mark Davidson of the University of 
Plymouth’s Institute of Marine Studies (http://freespace.vir 
gin.net/mark.davidson3/TL/TL.html), for Water, viscous 
friction is the dominant mode of attenuation at frequencies 
above 1 MHZ and an approximate expression for the attenu 
ation coe?icient (0L1) for fresh Water due to viscous friction 
alone is: 

(14) 

(11:[2.1><10’1°(T—38)2+1.3><10’7)/2dB/rn (15) 

Where T is the temperature (centigrade) and f is the fre 
quency (kHZ). 
M. KekaWy, H. A??, and Kh El-Nagar (National Institute 

for Standards, Egypt, http://sympl5.nist.gov/pdf/p567.pdf) 
related the acoustic attenuation coe?icient, 0t, for oil to its 
viscosity, 1], using the equation 

n:pa¢3/26.3j2 (16) 

Where p is the oil’s density, c is the oil’s sound speed and f 
is the frequency of the sound. Using the density, sound 
speed, and attenuation measured by the present invention 
and knoWing the frequency, We can calculate the viscosity 
using Eq. 16. In practice, We expect that the round trip travel 
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distance in the ?uid Would need to be increased substantially 
beyond the 0.436" of our lab veri?cation experiment to make 
the viscous attenuation large enough to be accurately mea 
sured. 

Turning noW to FIG. 7, the present invention comprises a 
transducer 701, a sample ?oW line 703 or sample ?oW path 
705 containing a ?uid sample for measuring ?uid density 
and sound speed of the ?uid 708 inside of the tube or sample 
?oW path or sample tank 711. The thickness 707 of the ?oW 
line Wall 706 is knoWn. A processor 702 and pulsing 
electronics 704 are provided to send an acoustic pulse from 
pulser 70111 through Wall 706 into ?uid 705 in ?oW path 705 
or from pulse 701!) through Wall 706 of thickness 70719 to 
sample chamber 711. The transducer 701 receives echoes 
from the acoustic pulse, Which are monitored by the pro 
cessor. The present invention further comprises a Wall 
standolf, Which is an acoustic spacer interposed betWeen the 
transducer and the Wall that is made of the same material as 
the Wall. This spacer simply increases the round trip distance 
and corresponding travel time for pulse-echo reverberations 
Within the combined standolf plus near-Wall material. It 
serves to lengthen the time betWeen successive decaying 
echo pulses and so it serves to improve pulse separation, to 
avoid overlap of pulses and to improve quanti?cation of 
energy in each pulse. The processor determines the density 
of the ?uid in the sample ?oW line by performing the 
functions described in FIG. 10. 

Turning noW to FIG. 8, an example of the current inven 
tion deployed from a Wire line 802 in a borehole 804 drilled 
in a formation 800. An extensible probe 801 extracts ?uid 
from the formation 800. The extracted formation ?uid ?oW 
through ?oW line 705 into sample tank 711 Where the density 
determination module 700 of the present invention deter 
mines the density of the formation ?uid. StabliZers 703 hold 
the tool 50 and extensible probe 801 in place during extrac 
tion of formation ?uid. The results of the density determi 
nation are acted on by processor 702 or the results are sent 
to the surface 51 to be acted on by surface processor and 
control 1000. 

Turning noW to FIG. 9, another example of the current 
invention is shoWn deployed from a drill string 901. Straddle 
packer 903 hold tool 50 in place during the entry of ?uid 
through ?oW path 705 to density device 700. The ?uid can 
come from the annulus 805 betWeen the tool 50 and the Well 
bore 804 or from the formation 800. Fluid can be routed to 
the sample tank 711 or back to the Well bore annulus 805 as 
desired based on the results of the density determination 
performed by the present invention 700. The results of the 
density determination can be acted on by processor 702 or 
the results can be sent to the surface 51 to be acted on by 
surface processor and control 1000. 

Turning noW to FIG. 10, an example of the functions 
performed by the present invention is illustrated. As shoWn 
in block 1001 the present invention captures a ?uid sample 
in a ?oW line from the formation or the borehole. In block 
1003 the present invention then sends an acoustic pulse into 
the ?uid sample in the ?oW line or sample tank. The 
processor of the present invention then monitors the echo 
returns Within the Wall of the ?oW line or sample tank and 
integrates the energy of each acoustic echo pulse. The 
processor determines the slope of the decay of the integrated 
acoustic echo pulses bouncing inside of the Wall of the ?oW 
line. In block 1007 the present invention then determines the 
re?ection coe?icient for the inner Wall/?uid interface. In 
block 1009 the present invention determines the speed of 
sound in the ?uid. In block 1011 the present invention 
determines the density of the ?uid in the ?oW line as 
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8 
described above. In block 1013 the present invention deter 
mines the viscosity of the ?uid in the ?oW line as described 
above. 
The present invention provides a method and apparatus 

for real time doWnhole ?uid sound speed and real time 
doWnhole ?uid density. Monitored over time, this can serve 
as a measure of ?uid sample cleanup as the ?uid is pumped 
form the formation. The measured ?uid density Will initially 
change more rapidly and eventually change more sloWly 
over time as the ?uid cleans up to it asymptotic limit. 
Similarly, viscosity changes over time can be used to moni 
tor cleanup. 
The exemplary embodiment of the present invention 

provides an acoustic pulsing device on the outer Wall of a 
small sample ?oW tube through Which ?uid from the for 
mation or Wellbore is being pumped. This sample tube Wall 
is not thick enough to alloW for an internal re?ection slot (a 
void) of the type described in Us. Pat. No. 6,189,383 (the 
’383 patent). Also, the time WindoWs for integration in the 
’383 patent (FIGS. 5 and 6 of ’383) are overlapping and they 
include more than one pulse echo unlike the present inven 
tion, in Which integration performed over each individual 
pulse Without any overlap. The present invention ?ts a line 
betWeen the echo number and the logarithm of the energy in 
each echo, as opposed to integrating over more that one 
pulse echo, as done in the ’383 patent. The present invention 
does not need an internal re?ection slot because it is the 
slope of this best ?t line that indicates the acoustic imped 
ance of Whatever ?uid is in contact With the tube Wall. 
The present invention is more accurate than prior attempts 

to determine density of unknoWn ?uids such at that 
described U.S. Pat. No. 5,741,962 (the ’962 patent). In the 
’962 patent, re?ection coe?icients and the corresponding 
?uid density are calculated from peak-to-peak amplitudes 
(FIGS. 4A and 4B of the ’962 patent), Which can be very 
unreliable and prone to aliasing, sampling, and other experi 
mental measurement errors. FIG. 11 shoWs the poor results 
of applying the method of ’962 patent to the lab veri?cation 
experiment of the present invention. It plots the logarithm of 
the square of the maximum amplitude sWing Within one 
cycle against pulse echo number. NoW, instead of the high 
coe?icients of determination (R2>0.99 in FIG. 5) obtained 
by the pulse-integration method of the present invention, the 
coe?icients of determination vary from R2:0.65 to R2:0.73 
and the points do not lie close to the best ?t lines 1102, 1104, 
and 1106. The reason is that the ’962 patent, like ’383 patent, 
describes using an idealiZed signal. Only if the pulse shape 
remained completely unchanged from pulse-to-pulse (or 
from echo-to-echo of a single pulse) Would the square of the 
peak-to-peak amplitude remain proportional to the inte 
grated peak energy. HoWever, from the experimental data in 
FIGS. 2*4 of this invention it is clear that successive pulse 
echoes are not simply rescaled copies of the previous pulse 
but that they undergo distortion, Which causes the square of 
the peak amplitude sWing to be an unreliable indicator of 
total pulse energy. The present invention estimates the 
energy under an entire pulse rather than relying on a single 
transient peak amplitude. Thus the present invention pro 
vides a more accurate method and apparatus than relying on 
a transient peak amplitude as in the ’962 patent. 

While the foregoing disclosure is directed to the preferred 
embodiments of the invention various modi?cations Will be 
apparent to those skilled in the art. It is intended that all 
variations Within the scope of the appended claims be 
embraced by the foregoing disclosure. Examples of the more 
important features of the invention have been summariZed 
rather broadly in order that the detailed description thereof 
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that follows may be better understood, and in order that the 
contributions to the art may be appreciated. There are, of 
course, additional features of the invention that Will be 
described hereinafter and Which Will form the subject of the 
claims appended hereto. The above example of an embodi 
ment of the invention has been provided for illustration 
purposes only and is not intended to limit the scope of the 
invention, Which is determined by the following claims. 
What is claimed is: 
1. A method for estimating a property of a ?uid, com 

prising: 
transmitting a ?rst acoustic pulse in a ?rst member that is 

in contact With the ?uid; 
detecting a plurality of acoustic pulse echo returns from 

an interface betWeen the ?rst member and the ?uid; 
subdividing each acoustic pulse echo return in the plu 

rality of acoustic pulse echo returns into a plurality of 
time WindoWs and integrating an energy in each time 
WindoW over the duration of said each acoustic pulse 
echo return to obtain the energy in said each of the 
plurality of acoustic pulse echo returns; and 

estimating the property of the ?uid from the energy in 
each of the plurality of acoustic pulse echo returns. 

2. The method of claim 1, Wherein the property of the 
?uid comprises at least one of the set consisting of acoustic 
impedance, density and viscosity of the ?uid. 

3. The method of claim 1, further comprising: estimating 
a re?ection coe?icient of the interface betWeen the ?rst 
member and the ?uid. 

4. The method of claim 1, further comprising: 
estimating an acoustic impedance of the ?rst member. 
5. The method of claim 1, further comprising: 
estimating a slope of energy decay for the plurality of 

acoustic pulse echo returns. 
6. The method of claim 1, Wherein estimating the slope of 

energy decay further comprises performing a least squares 
?t to the plurality of acoustic pulse echo returns. 

7. The method of claim 5, Wherein estimating the slope of 
energy decay further comprises using all amplitude values 
Within said each of the plurality of pulses to average out 
measurement errors in any single amplitude value. 

8. The method of claim 7, Wherein estimating the slope of 
energy decay further comprises integrating over each of the 
plurality of time WindoWs. 

9. The method of claim 5, Wherein estimating the slope of 
energy decay further comprises subtracting root mean 
square noise from the energy in each of the plurality of 
acoustic pulse echo returns. 

10. The method of claim 1, further comprising: 
transmitting a second acoustic pulse through the ?uid; and 
estimating speed of sound through the ?uid, using round 

trip travel time for the second acoustic pulse betWeen 
the ?rst member and a second member that is in contact 
With the ?uid. 

11. The method of claim 1, further comprising: 
transmitting a second acoustic pulse through the ?uid; and 
estimating attenuation of the second acoustic pulse 

through the ?uid. 
12. The method of claim 11, Wherein estimating the 

attenuation includes estimating the attenuation at a plurality 
of frequencies. 

13. The method of claim 10, Wherein transmitting the 
second acoustic pulse further comprises transmitting a plu 
rality of acoustic pulses at a plurality of frequencies. 

14. The method of claim 1, Wherein the method is 
performed doWnhole. 
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15. An apparatus for estimating a property of a ?uid, 

comprising: 
a vessel that contains the ?uid; 
an acoustic pulser that transmits a ?rst acoustic pulse into 

a ?rst vessel member that is in contact With the ?uid; 
a transducer that detects a plurality of acoustic pulse echo 

returns from an interface betWeen the ?rst vessel mem 
ber and the ?uid; and 

a processor con?gured to subdivide each acoustic pulse 
echo return in the plurality of acoustic pulse echo 
returns into a plurality of time WindoWs and integrating 
an energy in each time WindoW over the duration of 
said each acoustic pulse echo return to obtain the 
energy in each of the plurality of acoustic pulse echo 
returns and estimates the property of the ?uid from the 
energy in said each of the plurality of acoustic pulse 
echo returns. 

16. The apparatus of claim 15, Wherein the vessel com 
prises at least one of the set consisting of a ?ask, pipe, 
conduit, sample chamber, ?oW pipe, tube, channel, and 
doWnhole tool housing. 

17. The apparatus of claim 15, Wherein the property 
comprises at least one of the set consisting of acoustic 
impedance, density and viscosity of the ?uid. 

18. The apparatus of claim 17, Wherein the processor 
estimates a re?ection coe?icient of the interface betWeen the 
?rst vessel member and the ?uid. 

19. The apparatus of claim 18, Wherein the processor 
measures acoustic impedance of the ?rst vessel member. 

20. The apparatus of claim 15, Wherein the processor 
estimates a slope of energy decay for the plurality of 
acoustic pulse echo returns. 

21. The apparatus of claim 20, Wherein the processor 
performs a least squares ?t to the plurality of acoustic pulse 
echo returns. 

22. The apparatus of claim 15, Wherein the processor uses 
all amplitude values Within said each of the plurality of 
acoustic pulse echo returns to average out measurement 
errors in any single amplitude value. 

23. The apparatus of claim 22, Wherein the processor 
integrates over each of the plurality of time WindoWs. 

24. The apparatus of claim 15, Wherein the processor 
estimates the slope of energy decay from a value adjusted for 
noise for each of the plurality of acoustic pulse echo returns. 

25. The apparatus of claim 15, Wherein the acoustic pulser 
transmits a second acoustic pulse through the ?uid and the 
processor estimates the speed of sound through the ?uid 
using the round trip travel time for the second acoustic pulse 
betWeen the ?rst vessel member and a second member that 
is in contact With the ?uid. 

26. The apparatus of claim 15, Wherein the acoustic pulser 
transmits a second acoustic pulse through the ?uid and the 
processor estimates attenuation of the second acoustic pulse 
through the ?uid. 

27. The apparatus of claim 26, Wherein the processor 
estimates the attenuation at a plurality of frequencies. 

28. The apparatus of claim 25, Wherein the acoustic pulser 
transmits a plurality of pulses at a plurality of frequencies. 

29. The apparatus of claim 15, Wherein the apparatus is 
located doWnhole. 

30. A method for estimating a property of a ?uid, com 
prising: 

generating a ?rst acoustic pulse in the ?uid that is in 
contact With a ?rst member; 

detecting a plurality of acoustic pulse echo returns from 
an interface betWeen the ?rst member and the ?uid; 
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subdividing each acoustic pulse echo return in the plu 
rality of acoustic pulse echo returns into a plurality of 
time WindoWs and integrating an energy in each time 
WindoW over the duration of said each acoustic pulse 
echo return to obtain the energy in each of the plurality 
of acoustic pulse echo returns; 

and 
estimating the property of the ?uid from the energy in 

each of the plurality of acoustic pulse echo returns. 
31. An apparatus for estimating a property of a ?uid, 

comprising: 
a chamber that contains the ?uid; 
a transmitter that sends a ?rst acoustic pulse into the ?uid 

that is in contact With a ?rst chamber member; 
a transducer that detects a plurality of acoustic pulse echo 

returns from an interface betWeen the ?rst chamber 
member and the ?uid; and 

a processor con?gured to subdivide each acoustic pulse 
echo return in the plurality of acoustic pulse echo 
returns into a plurality of time WindoWs and integrating 
the energy in each time WindoW over the duration of 
each acoustic pulse echo return to obtain the energy in 
each of the plurality of acoustic pulse echo returns and 
estimates the property of the ?uid from the energy in 
each of the plurality of acoustic pulse echo returns. 

32. A doWnhole tool Which is deployed in a borehole for 
estimating a property of a doWnhole ?uid, comprising: 

a vessel that contains the ?uid; 
an acoustic pulser that transmits a ?rst acoustic pulse into 

a ?rst vessel member that is in contact With the ?uid; 
a transducer that detects a plurality of acoustic pulse echo 

returns from an interface betWeen the ?rst vessel mem 
ber and the ?uid; and 

a processor con?gured to subdivide each acoustic pulse 
echo return in the plurality of acoustic pulse echo 
returns into a plurality of time WindoWs and integrating 
the energy in each time WindoW over the duration of 
each acoustic pulse echo return to obtain the energy in 
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each of the plurality of acoustic pulse echo returns and 
estimates the property of the ?uid from the energy in 
each of the plurality of acoustic pulse echo returns. 

33. The doWnhole tool of claim 32, Wherein the vessel 
comprises one of a ?ask, pipe, conduit, sample chamber, 
?oW pipe, tube, channel and doWnhole tool housing. 

34. The doWnhole tool of claim 33, Wherein the property 
comprises one of acoustic impedance, density and viscosity 
of the ?uid. 

35. The doWnhole tool of claim 34, Wherein the processor 
estimates a re?ection coe?icient of the interface betWeen the 
?rst vessel member and the ?uid. 

36. The doWnhole tool of claim 32, Wherein the processor 
estimates a slope of energy decay for the plurality of 
acoustic pulse echo returns. 

37. The doWnhole tool of claim 36, Wherein the processor 
performs a least squares ?t to the plurality of acoustic pulse 
echo returns. 

38. A method for estimating a property of a ?uid, com 
prising: 

generating a ?rst acoustic pulse in the ?uid that is in 
contact With a ?rst member; 

detecting a plurality of acoustic pulse echo returns from 
an interface betWeen the ?rst member and the ?uid; 

subdividing each acoustic pulse echo return in the plu 
rality of acoustic pulse echo returns into a plurality of 
time WindoWs and integrating the energy in each time 
WindoW over the duration of each acoustic pulse echo 
return to obtain the energy in each of the plurality of 
acoustic pulse echo returns; 

subtracting root mean square noise from the energy in 
each of the plurality of acoustic pulse echo returns; 

and 
estimating the property of the ?uid from the energy after 

subtraction of the noise in each of the plurality of 
acoustic pulse echo returns. 

* * * * * 


